Combination of solid-phase extraction and solid-phase microextraction and its application in the Arctic water by 丘灿荣
学校编码：10384                                           密级       









硕 士 学 位 论 文 





Combination of solid-phase extraction and solid-phase 





专  业 名 称：海 洋 化 学 
论文提交日期：2010 年 6 月 

























另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




声明人（签名）：             






















（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于    年   月   日解密，解密后适用上述授权。 






声明人（签名）：             
















目  录 
I 
目  录 
摘要 ................................................................................................................................................ I 
第一章 绪论 ..............................................................................................................................1 
1.1 研究对象简介 ...............................................................................................................2 
 1.1.1 DDTs......................................................................................................................5 
 1.1.2 HCHs.....................................................................................................................5 
 1.1.3 Aldrins ...................................................................................................................6 
 1.1.4 Heptachlors ..........................................................................................................7 
 1.1.5 Endosulfans..........................................................................................................7 
1.2 研究进展概况 ...............................................................................................................8 
 1.2.1 水体中痕量有机氯农药富集方法概况........................................................8 
1.2.1.1 固相萃取技术.............................................................................................8 
1.2.1.2 固相微萃取技术 .........................................................................................8 
1.2.1.3 固相萃取与固相微萃取联用技术 ...........................................................11 
 1.2.2 北极水体中有机氯农药的研究进展 .........................................................12 
1.3 本研究的创新性及科学问题 ..................................................................................12 
 1.3.1 固相萃取及固相微萃取联用技术的必要性 ...........................................12 
 1.3.2 北极水体中有机氯农药的研究意义 .........................................................13 
第二章 研究方法.................................................................................................................14 
2.1 仪器、试剂及耗材 ....................................................................................................14 
 2.1.1 仪器及其参数设置 .........................................................................................14 
 2.1.2 标准品及其配制 .............................................................................................15 
 2.1.3 玻璃器皿及其清洗 .........................................................................................15 
 2.1.4 有机溶剂及其它耗材 ....................................................................................15 
2.2 联用技术简介 .............................................................................................................16 
第三章 实验优化方案 ......................................................................................................18 
3.1 实验流程 ......................................................................................................................18 
3.2 固相萃取优化 .............................................................................................................19 
 3.2.1 萃取填料选择 ..................................................................................................19 
 3.2.2 洗脱溶剂 ...........................................................................................................19 
 3.2.3 洗脱量..................................................................................................20 
 3.2.4 穿透实验 ...........................................................................................................23 
3.3 溶剂置换 ......................................................................................................................24 
 3.3.1 加热温度选择 ..................................................................................................24 
 3.3.2 模型构建 ...........................................................................................................27 
3.3.2.1 建模目的.................................................................................................27 
3.3.2.2 模型介绍.................................................................................................27 
3.3.2.3 模型假设条件 .........................................................................................27 
3.3.2.4 模型系统介绍 .........................................................................................27 













目  录 
II 
3.3.2.6 模型推导过程 .........................................................................................28 
3.4 固相微萃取优化.........................................................................................................30 
3.4.1 萃取模式的选择 ...............................................................................................30 
3.4.2 萃取体积的选择 ...............................................................................................32 
3.4.3 正交试验方案设计理论简介.........................................................................32 
3.4.3.1 正交试验理论中基本术语简介 ............................................................32 
3.4.3.2 运用正交理论优化固相微萃取实验 ....................................................33 
3.4.3.3 正交试验结果分析之因子水平分析 ....................................................39 
3.4.3.3.1 萃取时间 .................................................................................42 
3.4.3.3.2 萃取涂层 .................................................................................43 
3.4.3.3.3 pH.............................................................................................44 
3.4.3.3.4 离子强度 .................................................................................45 
3.4.3.3.5 萃取温度 .................................................................................46 
3.4.3.4 正交试验结果分析之因素极差分析 ....................................................46 
3.5 质量控制质量保证 ....................................................................................................50 
3.5.1 定量方法及线性范围 ......................................................................................52 
3.5.2 方法空白及方法检出限..................................................................................52 
3.5.3 平行样及回收率 ................................................................................................53 
第四章 联用技术在北极水体中的应用 .................................................................54 
4.1 研究区域概况 .............................................................................................................54 
4.2 结果及讨论 ..................................................................................................................54 
 4.2.1 有机氯农药在北极水体中的含量特征 ....................................................55 
 4.2.2 北极水体中有机氯农药的历史变化趋势 ................................................62 
4.2.2.1 日本海及鄂霍次克海 ..............................................................................62 
4.2.2.2 白令海及楚科奇海 ..................................................................................63 
4.2.2.3 西部北冰洋..............................................................................................64 
 4.2.3 有机氯农药的纬度变化特征........................................................................64 
 4.2.4 α-HCH 及 γ-HCH 的纬度变化特征 ............................................................65 
 4.2.5 HCHs 的来源分析 ...........................................................................................68 
 4.2.6 有机氯农药在垂直剖面上的变化特征 ....................................................69 
第五章 结语 ...........................................................................................................................71 
5.1 固相萃取与固相微萃取联用的基本结论 ...........................................................71 
 5.1.1 固相萃取步骤 ..................................................................................................71 
 5.1.2 联用步骤 ...........................................................................................................71 
 5.1.3 固相微萃取 ......................................................................................................71 
5.2 北极水体中有机氯农药的含量分布特征 ...........................................................71 




















CHAPTER 1 Introducation .............................................................................................................1 
1.1 Target compounds ...............................................................................................................2 
1.1.1 DDTs ..........................................................................................................................5 
1.1.2 HCHs..........................................................................................................................5 
1.1.3 Aldrins........................................................................................................................6 
1.1.4 Heptachlors ................................................................................................................7 
1.1.5 Endosulfans ................................................................................................................7 
1.2 Research in progress ...........................................................................................................8 
1.2.1Trace enrichment techniques for the OCPs in water samples .....................................8 
1.2.1.1 Solid-phase extraction (SPE) ..........................................................................8 
1.2.1.2 Solid-phase microextraction (SPME)..............................................................8 
1.2.1.3 Combination between SPE and SPME..........................................................11 
1.2.2 Research associated with the OCPs in the Arctic water ...........................................12 
1.3 Creativity and scientific questions ....................................................................................12 
1.3.1 Necessity of the combination technique...................................................................12 
1.3.2 Significance to do research on the OCPs in the Arctic.............................................13 
CHAPTER 2 Research method.......................................................................................................14 
2.1 Instrument and materials ...................................................................................................14 
2.1.1 Instrument and settings ............................................................................................14 
2.1.2 Standards ..................................................................................................................15 
2.1.3 Glass wares and the washing method.......................................................................15 
2.1.4 Organic solvent and other materails .......................................................................15 
2.2 Introduction of the combination technique .......................................................................16 
CHAPTER 3 Optimization mehtod ................................................................................................18 
3.1 Experiment procedure .......................................................................................................18 
3.2 Optimization for SPE step.................................................................................................19 
3.2.1 Extraction sorbent ....................................................................................................19 
3.2.2 Solvent for elution....................................................................................................19 
3.2.3 Elution amount .........................................................................................................20 
3.2.4 Breakthrough experiment.........................................................................................23 
3.3 Solvent conversion............................................................................................................24 
3.3.1 Heating temperature .................................................................................................24 
3.3.2 Model construction...................................................................................................27 
3.3.2.1Objective of the model ...............................................................................27 
3.3.2.2 Introduction of the model ..........................................................................27 
3.3.2.3 Hypothesis condition of the model............................................................27 
3.3.2.4 Detail introducation of the model..............................................................27 
3.3.2.5 Parameters in the model ............................................................................28 
3.3.2.6 Process of the deduction of the model.......................................................28 
3.4 Optimization for SPME step .............................................................................................30 
3.4.1 Extraction mode .......................................................................................................30 















3.4.3 Orthogonal design experiment (ODE) .....................................................................32 
3.4.3.1 Terminology in the orthogonal design.......................................................32 
3.4.3.2 Optimization for SPME based on ODE ....................................................33 
3.4.3.3 Level analysis............................................................................................39 
3.4.3.3.1 Extraction time ...........................................................................42 
3.4.3.3.2 Fiber coating...............................................................................43 
3.4.3.3.3 pH...............................................................................................44 
3.4.3.3.4 Ionic strength..............................................................................45 
3.4.3.3.5 Extraction temperature ...............................................................46 
3.4.3.4 Range analysis for factors .......................................................................46 
3.5 Quality assurance and quality control .........................................................................50 
3.5.1 Quantification method and linear range .............................................................52 
3.5.2 Blank test and method detection limit................................................................52 
3.5.3 Repeatability and recovery.................................................................................53 
CHAPTER 4 Application of combination in the arctic water .........................................................54 
4.1 Study area..........................................................................................................................54 
4.2 Results and discussion.......................................................................................................54 
4.2.1 Concentration of OCPs in the arctic water...............................................................55 
4.2.2 Long term trend of OCPs in the Arctic.....................................................................62 
4.2.2.1 Japan Sea and Okhotsk Sea...........................................................................62 
4.2.2.2 Bering Sea and Chukchi Sea .........................................................................63 
4.2.2.3 Western Arctic Ocean....................................................................................64 
4.2.3 Latitudinal trend of OCPs ........................................................................................64 
4.2.4 Latitudinal trend of α-HCH and γ-HCH...................................................................65 
4.2.5 Source analysis for HCHs ........................................................................................68 
4.2.6 Vertical profile of HCHs at station B80 ...................................................................69 
CHAPTER 5 Conclusion ................................................................................................................71 
5.1 Conclusion associated with the combinatioin between SPE and SPME...........................71 
5.1.1 SPE step ...................................................................................................................71 
5.1.2 Combination step .....................................................................................................71 
5.1.3 SPME step................................................................................................................71 
5.2 Concentration and distribution pattern of OCPs in the Arctic water.................................71 
5.3 Shortage and expectation ..................................................................................................72 




















图 1 有机氯农药分子结果示意图 .........................................................................................3 
图 2 固相微萃取装置示意图.................................................................................................9 
图 3 有机氯农药标准的气相色谱图 ...................................................................................15 
图 4 溶剂置换装置图...........................................................................................................17 
图 5 样品前处理流程图.......................................................................................................19 
图 6 有机溶剂洗脱柱状图...................................................................................................20 
图 7 穿透实验图...................................................................................................................22 
图 8 溶剂置换过程中温度对比图 .......................................................................................26 
图 9 正交表表示方法示意图...............................................................................................33 
图 10 萃取时间的水平影响图.............................................................................................42 
图 11 萃取涂层水平影响图.................................................................................................43 
图 12 pH 水平影响图............................................................................................................44 
图 13 离子强度水平影响图.................................................................................................45 
图 14 萃取温度水平影响图.................................................................................................46 
图 15 标准极差图（图 A 为 17 种目标物对应的 5 种因素的标准极差图；图 B 为 5 种因
素的平均极差图）.........................................................................................................49 
图 16 研究区域站位布设示意图 .........................................................................................54 
图 17 α-HCH 的纬度变化趋势图 .........................................................................................66 
图 18 γ-HCH 的纬度变化趋势图 ........................................................................................66 
图 19 α-HCH/γ-HCH 比值图 ................................................................................................68 




表 1 有机氯农药的物理化学参数表 .....................................................................................4 
表 2 商品化涂层汇总表.......................................................................................................11 
表 3 洗脱实验数据汇总.......................................................................................................21 
表 4 穿透实验中各目标物的回收率汇总表 .......................................................................23 
表 5 溶剂置换在不同温度下目标物的信号值 ...................................................................25 
表 6 因素水平对应表...........................................................................................................33 
表 7 正交表 L25(5
6
)...............................................................................................................34 
表 8 试验参照正交表...........................................................................................................35 
表 9 正交试验结果...............................................................................................................36 
表 10 萃取涂层的水平分析表.............................................................................................38 
表 11 17 种目标物的归一化水平影响值汇总表 ................................................................40 
表 12 17 种化合物对应的各因素极差表 ............................................................................47 
表 13 质控参数汇总表.........................................................................................................50 
表 14 各海区表层水水文参数汇总表 .................................................................................54 
表 15 17 种有机氯农药在各站位的浓度汇总表 ................................................................55 
表 16 17 种有机氯农药浓度在各个海区的统计情况表 ....................................................58 

















































































Organochlorine pesticide is a kind of high effective insecticide, which was used 
extensively over the world. It was globally banned after it was found persistent and 
bio-toxic. Due to its hydrophobicity and lipotropy, once entering the environmental 
system it tends to phase into the matrix with higher content of organic matter, such as 
suspending substance, sediment and fatty tissue in animals. Its concentration in water 
is typically low especially in open sea water, where the concentration can drop to as 
low as a level of parts per trillion. In the environment system, OCPs maintain an 
apparent equilibrium of distribution among different matrix phases, so an accurate 
quantification for OCPs in all kinds of matrixes is necessary before we can fully 
understand their distribution pattern in the environment. At present, techniques to 
analyze matrix featuring relatively high concentration OCPs have been well 
developed, while it is left behind to develop techniques for trace enrichment for OCPs 
in environmental matrixes, especially in water. What is more, the fluidness of the 
water will perplex its transport and distribution. Therefore, a study on the technique 
for highly effective enrichment of OCPs in the environment is very important in that, 
it can favor the research on the distribution and transport law of OCPs in the 
environment, so that we can understand their environmental behavior and 
geochemical property in a more comprehensive way. 
The objective of this thesis is to seek for a technique for trace enrichment of OCPs 
in water. The idea based on the combination of solid-phase extraction and solid-phase 
microextration was presented for the objective. In this technique, a second enrichment 
by SPME can to a great extent overcome the problem of low sample-application rate, 
which could occur when applying SPE singly, so that the combination based 
technique can achieve an order-magnitude improvement in the method detection limit. 
The core of the combination is how to make solvent conversion possible for two 
physically immiscible solvents, namely the hexane and the water. The results of the 















by heating in a low vacuum system. What’s more, to improve the performance of this 
method, the optimization experiments have been designed for each step, and the 
orthogonal design method was applied to optimize five factors, which have potential 
effect on the performance of SPME. After optimization, this method has achieved a 
method detection limit ranging from 0.002 ng/L to 0.034 ng/L. The QA/QC factors 
almost agree with the requirement by USEPA, including blank sample tests with 
results lower than MDL, recovery (63.54%~116.56%) and replicablility(RSD: 
2.40%~21.22%, n=4).  
At last, this technique was applied to analyze the OCPs in water samples, 
collected during the cruise of Chinese 3rd Arctic Expedition in 2008.The sampling 
areas cover five geographically separated sea area, including Japan Sea, Okhots Sea, 
Bering Sea, Chukchi Sea and western Arctic Ocean. The results show HCHs isomers 
are the most dominant components with a concentration level of ~0.1 ng/L, while 
other target compounds have concentrations about one order magnitude lower than 
HCHs isomers. Besides the concentration pattern, other issues will be targeted too, 
including their latitudinal trend, long term trend, source and the distribution pattern on 
the vertical profile at station B80.  
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本论文的研究对象为 17 种典型的有机氯农药及其降解产物，分别是 α-HCH、
β-HCH、γ-HCH、δ-HCH、4,4’-DDE、4,4’-DDD、4,4’-DDT、helptachlor、aldrin、
heptachlor epoxide、α-endosulfan、β-endosulfan、dieldrin、endrin aldehyde、endosulfan 





β-HCH 及 γ-HCH 在 2009 年的斯德哥尔摩公约会议上被归为持久性有机污染物。
它们共同的特性是半挥发性、难降解性、低水溶性及高脂溶性，某些有机氯农药
（如 dieldrin、DDT、α-HCH 、β-HCH 等）还表现出内分泌干扰性；各目标物的
物理化学参数如表 1 所示。 
鉴于有机氯农药的持久性及生物危害性，每种有机氯农药都经过了从合成、
大规模使用到禁用的过程，如今大部分有机氯农药已在世界范围内被禁用。本章
















图 1 有机氯农药分子结果示意图 
















表 1 有机氯农药的物理化学参数表* 
Table 1 Physiochemical parameters of OCPs 
*Dieldrin 的理化参数引自文献[27]，其余引自文献[28] 
**Kow为辛醇水分配常数

















α-HCH 000319-84-6 122 2 159.5 288 450 3.8 




γ-HCH 000058-89-9 51.4 7.3 112.5 323.4 420 3.72 




heptachlor 000076-44-8 2940 0.18 95.5 310 4000 6.1 






001024-57-3 210 0.2 160 - 195 4.98 
α-endosulfan 000115-29-7 650 0.325 106 - 1.73 3.83 
dieldrin 000060-57-1 100 0.195 175.5 330 58.9 5.4 
endrin 000072-20-8 63.6 0.25 226-230 - 60.0 5.2 
β-endosulfan 033213-65-9 3.91 0.45 - - 7.00 - 
p,p’-DDD 000072-54-8 66.0 0.09 109.5 350 13.5 6.02 
p,p’-DDE 000072-55-9 416 0.04 89 336 60.0 6.51 
endrin 
aldehyde 
007421-93-4 - 0.024 - - 2.00 - 
p,p’-DDT 000050-29-3 83.2 0.0055 108.5 - 1.60 6.91 
methoxychlor 000072-43-5 2.03 0.1 87 346 - 5.08 
endosulfan 
sulfate 
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